Tumors tissues house a diverse array of cell types, requiring powerful cell-based analysis methods to characterize different cell subtypes. Tumor tissue is dissociated into single cells by treatment with proteolytic enzymes, followed by mechanical disruption using vortexing or pipetting. These procedures can be incomplete and require significant time, and the latter mechanical treatments are poorly defined and controlled. Here, we present a novel microfluidic device to improve mechanical dissociation of digested tissue and cell aggregates into single cells. The device design includes a network of branching channels that range in size from millimeters down to hundreds of microns. The channels also contain flow constrictions that generate well-defined regions of high shear force, which we refer to as "hydrodynamic microscalpels," to progressively disaggregate tissue fragments and clusters into single cells. We show using in vitro cancer cell models that the microfluidic device significantly enhances cell recovery in comparison to mechanical disruption by pipetting and vortexing digestion with trypsin or incubation with EDTA. Notably, the device enabled superior results to be obtained after shorter proteolytic digestion times, resulting in fully viable cells in less than ten minutes.
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Introduction
Tumors are now viewed as an ecosystem of diverse cell types, and this cellular heterogeneity has been identified as a key factor underlying tumor progression, metastasis, and the development of drug resistance. 1, 2 This has led to an increase in studies that are focused on defined cellular subsets within tumors to address biological and therapeutic questions. Cellbased analysis platforms such as flow cytometry are ideally suited to this task because they offer high-throughput and multiplexed information at the single cell level, allowing the entire population to be analyzed. Other platforms include mass cytometry, 3 microfabricated magnetic and optical detectors, [4] [5] [6] cytology, 7 single cell gene sequencing, 8 as well as physical measurements such as density and deformability. 9, 10 Reducing tumor tissue into single cells is a critical step in providing material for identification and analysis of specific tumor cell subsets such as cancer stem cells, metastatic precursors, or drug resistant clones for more detailed study. [11] [12] [13] [14] Tumor tissues and cancer cell aggregates are dissociated into single cells using proteolytic enzymes that digest cellular adhesion molecules and/or the underlying extracellular matrix. Large clinical specimens such as surgical resections and core biopsies are first minced with a scalpel into approximately 1-2 mm pieces to facilitate digestion. Samples are then subjected to fluid shear forces by vortexing and/or repeated pipetting to mechanically liberate individual cells. These methods generate poorly defined shear flow environments that do not allow control over sample exposure, potentially resulting in variations among samples or across different laboratories. The gentleMACS TM Dissociator is a commercial system that has been developed to standardize mechanical dissociation for large tumor tissues. 15 but use is not common and performance is not well documented. Thus, there is an opportunity to develop new technologies to improve mechanical dissociation of digested tumor tissue and cancer cell aggregates into single cells, particularly for smaller samples. Improving mechanical dissociation would enhance cell recovery, and potentially shorten digestion times or enable use of milder enzymes or even non-enzymatic treatments such as the calcium chelator ethylenediaminetetraacetic acid (EDTA).
Microfabrication technologies have advanced the fields of biology and medicine by miniaturizing devices to the scale of cellular samples. In particular, microfluidic systems have enabled precise manipulation of cells and other reagents to achieve systems with high throughput, cost efficiency, minimal sample requirement, integration of multiple procedures on the same device, and point-of-care operation. 16, 17 Sample processing has been a major focus area, specifically for on-chip cell purification, sorting, and lysis. [17] [18] [19] However, little attention has been given to processing tissues. One example is a microfluidic device designed to maintain and interrogate tissue samples, and tissue digestion was achieve on-chip by addition of collagenase. 20 The Biogrid is another example, which employs a 100 µm mesh with sharp edges to cut large cell aggregates into smaller units that still contain numerous cells. 21 More recently, an array of microstructures was used to dissociated small neurospheres into single cells under fluid flow. 22 A microfluidic device for mechanically dissociating tumor tissue and cancer cell aggregates across a large range of sizes, from millimeter tissues down to tens of micron cells, has not been described to date. Ideally such as device would maintain a flow through format that is ideal for integrating the resulting single suspension directly with downstream operations such as purification/sorting, physical analysis, 9,10 and/or probe detection [4] [5] [6] to achieve integrated cancer cell analysis platforms.
In this work, we present a novel microfluidic device for processing tumor tissue samples into single cells. The device employs channel features ranging in size from millimeters down to hundreds of microns. The channels also contain constriction and expansion regions that generate hydrodynamic fluid jets at varying size scales and shear force magnitudes to progressively break down tissue fragments and aggregates into single cells. Using in vitro cancer cell models of varying complexity, we show that the microfluidic dissociation device significantly augments enzymatic digestion by increasing the number of single cells liberated, while still maintaining viability. This is because the device is significantly more effective than ! 4 
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Results and Discussion
Device design
The concept for our dissociation device is to employ a series of branching channels that resemble a physiological microvascular capillary network or reported microfluidic droplet splitters. 23 We believe this design will make it possible to process tissue fragments and cell aggregates of different length scales in an effective but gentle manner. The device has a total of 5 stages that are each approximately 1 cm in length, and with branch points placed at the end of each stage ( Figure 1A ). The first stage is a single channel with a minimum channel width of 2 mm. We have chosen for channel dimensions to decrease by half after branching, thus the total width across each stage is maintained as a constant throughout the device. We have included an additional design feature to facilitate dissociation, continuous expansion and constriction of the channel width. This will modulate fluid velocity, actively mixing the sample and generating ! 5
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Lab on a Chip Accepted Manuscript shear forces across cell aggregates. The expansion and constriction regions are connected by smooth curved lines to avoid turbulent mixing and the generation of microvortices that can trap cells in recirculating flows. 24 The maximum width in the expansion region is 3-fold greater than the minimum width in the constriction, and this ratio is maintained throughout the device. Finally, constriction regions are separated by a distance equal to the expansion region width, which results in an increase in the number of constrictions per channel with each stage. Since channel width dimensions decrease by half as channel number doubles, and channel height is constant (300 µm, discussed below), average velocity (vavg) is constant in each channel throughout the device. Channel specifications for each stage are listed in Table 1 . For reference, the orifice diameter for standard P-1000 pipette tips that are commonly used to shear tumor tissue samples is approximately 1 mm.
We chose to fabricate the device using a laminate approach, with channel features etched in hard plastic (polyethylene terephthalate, PET) using a laser. This format should provide a more robust product than alternative options that utilize photolithography and polydimethyl siloxane (PDMS), and thus better supports high flow rates and pressures that may be needed to effectively dissociate tissues. We employed multiple plastic layers, which were bonded with adhesive and pressure lamination. We employed multiple plastic layers, which were bonded with adhesive and pressure lamination. Consecutive device stages were placed on different layers to maximize device strength and integrity, as well as change the direction of fluid flow to mix and agitate the sample between stages. Seven layers were used in total, including three for the channel features, two for the vias that pass the sample between the channel layers, and two to seal the top and bottom ( Figure 1B ). Channel height includes contributions from both the plastic layer (250 µm) and adhesive (~50 µm), and is approximately 300 µm.
While vavg is constant in each channel, the continuous variations in width will result in complex, size-dependent velocity profiles. Therefore we have performed computational fluid dynamics simulations using COMSOL Multiphysics. This will be important for understanding the ! 6 less than 25 at all points in the device when operating at 1 mL/min flow rate. Maintaining laminar flow will be important to achieve well-defined flow properties and shear forces. Velocity profiles across the channel widths are shown in Figure 1D , viewed from the center of the height dimension. Flow velocity increases in the constriction regions to form discrete jets, with the maximum velocity (vmax) concentrated in the central region for all but the first stage. The magnitude of vmax is similar in each stage, but does increase slightly throughout the device.
However, hydrodynamic shear force scales with the shear rate, which depends on the change in velocity (vmax) divided by the channel half-width. Thus, the fluidic jets increase in dissociation power as they become smaller in scale. We envision that these regions act as "hydrodynamic micro-scalpels" that become sharper and finer throughout the device, breaking tissue down with increasing precision until finally obtaining single cells. Since the "hydrodynamic micro-scalpels" operate on a smaller size scale than the channels, we did not feel that is was necessary for the dimensions of the final channel to approach the 10-20 µm diameter of typical epithelial cells. For this reason we left the minimum dimension of the final stage at 125 µm. The shear stress generated across the device width ( W) was calculated by multiplying the shear rate by the fluid viscosity, which was assumed to be the same as water. The shear stress across the height dimension ( H) can also be calculated using vmax and the half-height, which will remain constant in each stage. It should be noted that H exceeds W, even within the constrictions, for the first 3
stages. Velocity and shear stress values are listed for each stage in Table 1 . Note that physiological values for wall shear stresses in human blood vessels are in the range of 1-10 dynes/cm 2 .
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Dissociation of small cell clusters
We first introduced cell suspensions into the device to determine whether cells are lost under different operating conditions due to holdup or damage induced by shearing. We employed HCT 116 colon cancer cells that were grown in culture flasks, digested with trypsin-EDTA, and mechanically sheared (pipetting and vortexing) per routine procedures. Cell suspensions were applied to the microfluidic device using a syringe pump under different flow rate and cell concentration conditions. Cell recovery was then assessed using a commercial cell counter, and compared to the initial value measured before passing through the device. We found that recovered cell counts increased progressively with flow rate, ranging from approximately 40% of the initial count at 0.2 mL/min to approximately 100% at 12.5 mL/min ( Figure 2A ). In fact, recovery was slightly greater than 100% and we observed a shift in the population to smaller sizes ( Figure 2B ). We believe that the larger species correspond to small clusters of 2 or more cells that remained after trypsin digestion and vortexing/pipetting treatments. This is a common occurrence in routine cell culture, but additional treatment is not encouraged because it could decrease cell viability and the small clusters do not negatively affect sub-culturing or most downstream assays. The device was significantly more effective at dissociating these small cell clusters, resulting in a truer single cell suspension. Evidence supporting our conclusion can be found in the fact that the device yielded a cell population that was evenly distributed around an average diameter of 13-14 µm, which was consistent with microscopic analysis of HCT 116 cells ( Figure 2B ). Control samples had a similar peak size, but also showed significant species at larger sizes. We defined single cells by gating the histograms equally around the 13.5 µm mean, from 9.5 µm to 17.5 µm. Using this size range to define single cells, we found that only 75% of the events were single cells prior to device treatment.
Single cell percentage increased with flow rate up to 94% at 12.5 mL/min ( Figure 2C , see Supporting Information). We believe the clusters were dissociated rather than simply retained in the device, as the latter case would have lowered total recovery yield for the 12.5 mL/min ! 8
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sample. However, since recovery at this condition did not significantly exceed 100%, increases in cell number from cluster dissociation were likely offset by losses that could have been incurred from device holdup, including non-specific sticking or entrapment in low flow regions, or cell destruction. Recovery results did decrease slightly for lower input cell concentrations, but remained greater than 90% even when only 10,000 cells were tested ( Figure 2D ). Finally, we employed a different cell type, LS 174T colon cancer cells. Cell suspensions contained 79%
single cells prior to device treatment, and this was enhanced to 92%, with a similar total cell count, after processing at 12. 
!
Dissociation of intact cell monolayers
We next created a simple tissue model consisting of cell monolayers that were released as intact sheets. This was accomplished by growing HCT 116 cells to confluency in collagencoated wells and then treating with collagenase. These monolayer tumor sheets contained approximately 1 million cells that indeed remained connected to each other after being suspended (Supporting Information). Dissociation experiments were conducted by passing a single tumor sheet through the device in buffer at 2 and 12.5 mL/min flow rates. To increase dissociation efficiency, some samples were repositioned for multiple device passes. After testing was complete, the sample was recovered and a cell count was obtained. Finally, we tested whether large aggregates passed through the device by treating the effluent with trypsin-EDTA, vortexing, and pipetting before performing a second cell count. Control sheets only received
Page 10 of 34 Lab on a Chip Lab on a Chip Accepted Manuscript trypsin-EDTA, vortexing, and pipetting procedures, and less than 60% of the cell counter events were single cells. At 2 mL/min operating flow rate, total recovery including contributions from single cells, small clusters, and large aggregates was only 60% of the control count ( Figure 3A ).
Utilizing more device passes progressively increased singe cell yield, but total recovery was similar suggesting that significant sample remained within the device or samples were damaged. Increasing flow rate to 12.5 mL/min improved results substantially ( Figure 3B ). Total recoveries after 1 and 3 passes were both nearly the same as the control, with single cell yield increasing upon further treatment. However, after 10 passes the total count exceeded the control by 30%. This was possible because the sample now contained 95% single cells with no appreciable large aggregates ( Figures 3B and C) . Note that these promising results were obtained exclusively using the hydrodynamic forces generated within the microfluidic device following release of the intact monolayers using collagenase.
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Dissociation of tumor spheroids
Tumor spheroids are a more advanced in vitro model with three-dimensional structure that more closely resembles solid tumors. Spheroids were prepared using the hanging drop method and collected after reaching 250-300 µm diameter. We employed HCT 116 and LS 174T cells as already discussed, as well as NCI-H1650 lung cancer cells. In each case, the spheroids contained approximately 1000 cells. Dissociation experiments were conducted in a similar manner to the tumor sheet studies. Results obtained for 12 pooled HCT 116 spheroids that were processed at 12.5 mL/min flow rate for different number of device passes are presented in Figure 4A . Overall, recovery results were strikingly similar to the HCT 116 tumor sheets processed at 2 mL/min flow rate ( Figure 3A) . Total count was approximately 60% of the control after 1 pass, but actually decreased with additional treatment, possibly indicating cell damage.
Single cell content did increase progressively, nearly approaching the value present within the control. We also performed 10 pass experiments with different numbers of HCT 116 spheroids, and found recovery results that scaled directly with sample size ( Figure 4B ). Remarkably, this ! 10
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Lab on a Chip Accepted Manuscript includes using only a single spheroid that initially contained only 1000 cells. Finally, we performed dissociation tests with NCI-H1650 ( Figure 4C ) and LS 174T ( Figure 4D ) spheroids, and observed recovery results that were similar to the HCT 116 case but with even lower yields. This is likely due to the fact that these spheroids are more cohesive, as they do require longer digestion times with trypsin (see Supporting Information). These data suggest that the device was not able to generate high enough shear forces to effectively dissociate tumor spheroids without inducing cell damage. Thus, low recovery was due either to sample remaining entrapped within the device in the form of large aggregates or cell destruction incurred as shear forces ripped cells away from multiple, strongly adherent neighbors. Improving recovery results through additional device passes did not appear to offer much potential, and we were not able to investigate this further by increasing flow rate because were were already operating at the maximum for our syringe pump.
Although device dissociation of tumor spheroids was inefficient, this would be an unnecessarily stringent goal for practical purposes, as tumor tissues are typically treated with proteolytic enzymes prior to mechanical treatments. Therefore we tested device performance after brief exposure of spheroids to trypsin-EDTA. We also tested brief EDTA treatment to explore an enzyme-free alternative. After 5 min trypsin digestion, total recovery for of HCT 116 spheroids improved 2.75-fold after a single pass, with negative effects observed for additional processing ( Figure 5A ). Single cell content only increased from 75 to 85% ( Figure 5D ), and thus the dramatic increase in total count is likely to have arisen from enhanced dissociation of larger aggregates that were not measured by the cell counter. EDTA treatment was extremely inefficient, but the microfluidic device increased recovery dramatically. Total yield was similar to the trypsin control following a single pass, and increased almost 2.5-fold with further processing.
Increasing EDTA exposure time enhanced recovery for all but the 10-pass case. NCI-H1650
and LS 174T spheroids required at least 20 min for complete trypsin dissociation (Supporting Information), and after 5 min total recoveries were only 30% for NCI-H1650 and 8% for LS 174T
cases. The microfluidic device improved recovery by 2-and 10-fold, respectively (Figures 5B
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Lab on a Chip Accepted Manuscript and C). Combined EDTA-device treatments had lower total recoveries, but still exceeded the short trypsin treatment. In all cases, the microfluidic device improved single cell content ( Figures   5D-F) . Representative cell counter histograms for all conditions are shown in the Supporting Information. Based on these findings, microfluidic dissociation significantly augments enzymatic digestion, resulting in enhanced single and total cell yields. Notably, comparable recoveries were obtained using the enzyme-free combination of EDTA and device treatments, which could be beneficial for preserving key surface proteins. A final note, EDTA may also serve as an anticoagulant for clinical specimens, which can be contaminated with blood from procurement procedures. 4 
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Analysis of cell suspensions by flow cytometry
We further characterized the cell suspensions achieved from the different dissociation procedures using flow cytometry. First, we utilized light scattering information to confirm our conclusions regarding single cell content. This was done by plotting the forward-scatter width To examine the impact of microfluidic dissociation on cell viability, we next performed a propodium iodide (PI) exclusion assay to identify whether recovered cells that were likely to be alive or dead. Live cells were gated based on unstained cells that were dissociated using only ! 12
Page 13 of 34
Lab on a Chip Accepted Manuscript
trypsin (see Supporting Information). Dead cell percentages were in the range of 5% for HCT 116 cells treated with trypsin or EDTA ( Figure 6B ). Results were similar for the combination of trypsin and 10-pass device treatments, and we further confirmed that device processing did not affect cell growth (Supporting Information). However, the combination of EDTA and device processing, as well as device treatment alone, decreased cell viability to less than 40%. Cell distress if further indicated for the EDTA and device treated sample by the population shift to lower forward scatter values in Figure 6A . Therefore, we conclude that the device can rapidly produce single, intact cells in a purely non-enzymatic manner, but this is associated with significant damage.
Finally, we measured the expression of specific surface protein biomarkers to assess cell quality for diagnostic and cell sorting applications. We selected classic cell surface tumor biomarkers for this study, including epithelial cell adhesion molecule (EpCAM), transferrin receptor (TfR), and mucin 1 (MUC1). We have previously observed that TfR and MUC1 are cleaved by trypsin, leading to lower expression levels. EpCAM is not sensitive to trypsin, but is a homotypic cell-cell junction protein that could be affected by mechanical separation. We found confirm that non-enzymatic dissociation using the dissociation device can still be useful for direct diagnostic applications, and may help preserve surface biomarker expression.
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Conclusions
Here, we present a novel microfluidic device for mechanically dissociating digested tissues and cell aggregates into single cells. This device utilizes a branching channel network and repeated constrictions to generate well-defined and multi-scaled fluid shear force challenges, acting as "hydrodynamic micro-scalpels", to disaggregate samples. We demonstrated using in vitro cancer cell models that the microfluidic device produces significantly higher total cell numbers, with a greater percentage of single cells, when compared to vortexing and pipetting treatments. Microfluidic dissociation produced superior results for simple models such as small clusters and intact monolayer sheets without requiring digestion or chemical treatment. For more complex tumor spheroids, the device dramatically augmented trypsin and EDTA treatments. The combination of brief EDTA exposure followed by device processing is particularly interesting as a non-enzymatic method, resulting in higher cell recovery without affecting surface protein expression. This could significantly improve results for applications that rely on protease sensitive surface markers.
We are currently pursuing ways to improve this initial prototype, investigating different channel dimensions and features to increase mechanical dissociation efficiency. This would improve overall capabilities and enable comparable results to be achieved at lower flow rates that may be more compatible with specific downstream applications. We are also evaluating new designs to minimize sample holdup and clogging. Further investigations into preserving cell viability using milder enzymes, different chemical treatments, and new microfluidic processing elements are currently being pursued. For processing speed, the high flow rates that were required to achieve efficient dissociation required only five seconds per pass for the 1 mL sample volumes. We should note that this is a reasonable processing rate to allow for manual flow actuation with a standard 1 mL volume laboratory pipetter. Multiple pass experiments required less than two minutes, and the brief trypsin or EDTA incubations employed led to processing times of less than ten minutes.
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Considering future application to human clinical tumor specimens, these tissues may be substantially more complex than the cell culture models that we have employed in this work.
Our model tissues only contained a single cancer cell type, did not have physiological structures such as blood vessels, and most likely had lower stromal content. Furthermore, sample dimensions were either centimeter scale monolayers or spheroids that were hundreds of microns in diameter. Human tumor tissue specimens obtained by resection, surgical biopsy, or core needle biopsy will be composed of heterogeneous cell populations held together by significant stroma. Future studies will seek to evaluate device performance using these types of samples, either obtained from xenograft tumor models or human specimens. Finally, we believe our device approach is particularly well-suited for small volume clinical specimens such as FNA biopsies that we have worked with previously, 4 The FNA technique uses smaller 22 gauge needles (~400 µm orifice) to withdraw small tissue fragments and individual cells. This makes
FNAs less invasive, minimizing patient morbidity while also increasing potential for repeated sampling in both spatial and temporal (i.e. before and after drug treatment) contexts. 25, 26 However, FNA samples are difficult to work with for diagnostic applications because yields are very low, potentially on the order of only 10,000 cells. 4, [27] [28] [29] It is possible that the simple tissue models we have used in this work may realistically reflect the small tissue fragments and cell aggregates that are characteristic of FNA specimens. We have already shown that the microfluidic device can operate with small sample sizes (10,000 cells or single spheroids).
!
Materials and Methods
Device fabrication
The dissociation device was produced using a commercial microfabrication process offered by ALine, Inc. (Rancho Dominguez, CA). This is a laminate technology that uses a laser to cut the desired pattern in hard plastic sheets. Multiple layers are then aligned and fused using adhesive and pressure lamination. The channel features were designed in AutoCAD and arranged over three polyethylene terephthalate (PET) layers that were each 250 µm thick ! 15
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( Figure 1B) . The channel layers were separated by two 125 µm thick PET layers that contained vias, which had diameters equal to the minimum cross-section of the subsequent stage. The device was sealed using two additional layers, for a total of seven. The top was 1.5 mm thick acrylic and had two holes drilled for the placement of hose barbs that served to interface the inlet and outlet tubing. The bottom layer was a 125 µm thick solid slab of PET.
!
Fluid dynamics simulations
To characterize flow profiles and shear stresses within the device, particularly the channel constrictions where dissociation is primarily expected to occur, we performed finiteelement fluid dynamics simulations using COMSOL Multiphysics software. Simulations were conducted by coupling the Navier-Stokes equations and continuity equation, assuming laminar flow and applying the no-slip condition at the channel walls. Fluid density and viscosity were assumed to be that of water. Simulations were performed for a single channel within each stage because full device calculations were complex and the laminate format causes the fluid to change directions as it passes between stages. Channel specifications were imported from the AutoCAD files used for device fabrication, and included the inlet, all expansions and constrictions, and the branch point (see Figure 1B) . Channel dimensions are given in Table 1. For the inlet condition, we used the average velocity (vavg), which is the same for all channels throughout the device because both channel height and total width across all channels within each stage are constants. Outlet pressure was assumed to be zero to determine the pressure drop (ΔP). Flow profiles are shown in Figure 1C for a flow rate of 1 mL/min, with maximum velocity (vmax) and pressure drop values given in Table 1 . Total pressure drop (ΔPTotal) for the device was calculated by summing the channel pressure drops in parallel to determine the total value for the stage, and summing the results for each stage in series. For a 1 mL/min operating flow rate, ΔPTotal is only 60 Pa, or 0.009 PSI. Results for different flow rate conditions will scale proportionally (data not shown). Simulation outputs that included the first and second stages in sequence were similar to that of the individual channels (Supporting Information). a syringe, and administered to the device using a syringe pump with flow rate set between 0.2 to 12.5 mL/min. The latter flow rate was the maximum we could generate with our syringe pump, and required only 5 s to run the 1 mL sample. For single pass studies, the sample was collected and the device was flushed at the same flow rate with 1 mL PBS+ that was obtained via the buffer reservoir at the inlet. Sample and wash effluents were combined prior to analysis.
For multiple pass experiments, flow was reversed using the syringe pump operating at the same flow rate in withdraw mode to replace the sample back into the syringe in preparation for the next run. This process was repeated for the indicated number of passes, and afterward the sample was collected and device flushed as described above. Cell concentration was measured (D) Similar results were observed for NCI-H1650 spheroids. MUC1 expression was also measured, and showed trypsin sensitivity. All fluorescent signals were normalized to controls
